For a wide range of diseases, SNPs in the genome are the underlying mechanism of dysfunction. Therefore, targeted detection of these variations is of high importance for early diagnosis and (familial) screenings. While allele-specific PCR has been around for many years, its adoption for SNP genotyping or somatic mutation detection has been hampered by its low discriminating power and high costs. To tackle this, we developed a cost-effective qPCR based method, able to detect SNPs in a robust and specific manner. This study describes how to combine the basic principles of allele-specific PCR (the combination of a wild type and variant primer) with the straightforward readout of DNA-binding dye based qPCR technology. To enhance the robustness and discriminating power, an artificial mismatch in the allele-specific primer was introduced. The resulting method, called double-mismatch allelespecific qPCR (DMAS-qPCR), was successfully validated using 12 SNPs and 15 clinically relevant somatic mutations on 48 cancer cell lines. It is easy to use, does not require labeled probes and is characterized by high analytical sensitivity and specificity. DMAS-qPCR comes with a complimentary online assay design tool, available for the whole scientific community, enabling researchers to design custom assays and implement those as a diagnostic test.
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Methods
Primer and template design. SNP (or mutation) specific qPCR assays were designed using our in-house developed primerXL web tool (www.primerxl.org). An assay consists of one common reverse primer and two or more allele-specific (AS) forward primers with their 3′ end (position 0, Fig. 1 ) overlapping the SNP. Unless stated otherwise, an additional mismatch at position 3 (i.e. the fourth nucleotide from the primer 3′ end) was introduced to create double-mismatch AS primers (DMAS primers) and increase genotype discrimination power. By definition, each DMAS primer is referred to as a 'match' for the corresponding allele, and a 'mismatch' for the alternative allele. A custom Primer3 5 and UNAfold 6 based perl script was used to generate 60 bp synthetic templates corresponding to the alleles and to be used as positive control templates. If possible, templates were kept free of secondary structures.
Cell cultures. Cell Determination of optimal artificial mismatch position. AS assays harboring all possible nucleotides at positions 1 to 5 were designed for 6 SNPs involved in the TP53 pathway ( Table 2 . SNPs and their corresponding oligonucleotide sequences. Mismatches and allele-specific nucleotides are marked bold and underlined. The first 6 SNP assays were used for the determination of the optimal artificial mismatch location, assessment of the required DNA input concentration and assay specificity. The latter 6 SNP assays were only applied in the assay specificity and DNA input concentration experiments.
Scientific RepoRts | (2019) 9:2150 | https://doi.org/10.1038/s41598-019-38581-z Effect of input concentration. DMAS-qPCR assays were designed for the SNPs used in the single mismatch experiment, and 6 additional SNPs involved in the same pathway ( Table 2) . A 4-point, 4-fold dilution series (16, 4, 1 and 0.25 ng was created for eight tumor cell lines (SJNB-8, CHP-901, SHEP, SJNB-6, GIMEN, CHP-134, N-206 and SH-SY5Y). PCR reactions were performed as described earlier on a LightCycler480 (Roche) instrument: two parallel qPCR reactions, each with a different allele-specific forward primer and a common reverse primer.
Assessment of relative analytical sensitivity. DMAS-qPCR assays were designed for 15 clinically relevant mutations (Table 3) In addition, the sensitivity of these assays was tested using synthetic templates. For this, a 14-point, 2-fold mutation in wild-type -and vice versa -dilution series was created (mutation Hydrolysis probe based qPCR assays. Assays were performed using the TaqMan SNP Genotyping mastermix with 0.125 µL of the 40x SNP genotyping assay and 9.5 ng input DNA in a 5 µl reaction on a 7900HT (Applied Biosystems) instrument ( Table 4 ). The following protocol was used: 2 min at 50 °C; 10 min at 95 °C; 40 cycles of 15 s at 95 °C and 60 s at 60 °C.
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Results
Single mismatch AS-qPCR reactions. Allele-specific assays were designed for 6 SNPs involved in the TP53 pathway (Table 1 ) and tested on eight randomly selected and previously genotyped cancer cell line samples.
For each sample and SNP, four parallel reactions were performed in duplicate, each with a different AS primer. In this experiment, the four possible nucleotides were used at the 3′ end of each AS primer -resulting in three single mismatch reactions and one perfect match reaction. These AS-qPCR results indicate that the discrimination power of a single 3′ terminal mismatch is not sufficient for reliable genotype calling (Suppl. Table 1 ). For only two SNPs (rs4245739 and rs1027154) a clear separation between the three genotypes was observed (data not shown).
Double mismatch AS-qPCR reactions (DMAS-qPCR).
Based on previous work, inclusion of an artificial mismatch into the AS primer was evaluated in order to increase the genotype discrimination power 7, 8 ( Table 2) . This results in a double mismatch when the AS primer for allele A hybridizes to allele B (called 'mismatch' , see Materials and Methods), and a single mismatch when primer A hybridizes to its target allele A (called 'match'). Although the artificial mismatch may have a beneficiary effect on limiting amplification of the 'mismatch' reaction, the potential downside of this approach is that the artificial mismatch may negatively impact the 'match' reaction. To determine the optimal position of the mismatch in order to maximize the discrimination Fig. 2 indicate that mismatches on positions two and three result in the highest average dCq differences (ddCq) (and thus highest discriminating power) between 'match' and 'mismatch' reactions ( Fig. 2A) . When taking into account the impact of the artificial mismatch on the match reaction ( Fig. 2B ) and the standard deviation of the dCq values, a mismatch on position three appears to be the optimal solution (low standard deviation, limited effect on the match and large and reproducible dCq value between 'match' and 'mismatch' reaction). Assessment of the Cq scatterplots (Suppl. Fig. 1 ) leads to the same conclusion with clearest clustering of the three different genotypes for an artificial mismatch on position three. These plots also clearly show the expected Cq difference of one cycle between homozygote and heterozygote genotypes, underscoring the accuracy and quantitative power of the assays. In addition to the position of the artificial mismatch, the mismatch type may in principle also affect the resolution of the genotyping assays. Although further experiments may be needed, our results suggest that there are no differential effects when comparing different base pair mismatches on position three. (Table 2) , also involved in the TP53
Effect of DNA input concentration. Assays for six additional SNPs
pathway, were designed and tested on a serial dilution series (16, 4, 1 and 0.25 ng) of DNA samples from eight neuroblastoma cell lines to evaluate the robustness of the method with regard to the input concentration. While the data from the previous experiment suggested that the type of mismatch at position 3 had no specific effect, for the 6 new assays, the type of the artificial mismatch was chosen based on reported mismatch stability ranking: G/G > G/T ≥ G/A > T/T ≥ A/A > T/C ≥ A/C ≥ C/C (ranked from most stable to least stable mismatch) 9 . A Cq difference plot of the data (Fig. 3 ) demonstrates that in 98% (376/384) of the DNA sample-concentration combinations the correct genotype could be determined (using a 5 dCq cut-off). Although the discrimination power of the DMAS-qPCR assays decreases with lower concentrations of input DNA, the wide concentration range (64-fold, down to 0.25 ng input DNA or ~80 copies) at which the DMAS-qPCR assays are still able to discriminate between genotypes confirms the sensitivity and robustness of the method. Only for one SNP, namely rs34330, genotype calling becomes more challenging when using the lowest input concentration point.
Assay specificity.
To determine the accuracy of our method, the 12 DMAS-qPCR genotyping assays were tested on DNA from 48 neuroblastoma cell lines (4 ng input) for which corresponding TaqMan results were available. All of the 576 genotypes could be called using our method with a manually set threshold (100% call rate), while 23 TaqMan reactions resulted in undetermined calls (96% call rate using the TaqMan Genotyper software) ( Fig. 4 and Suppl. the concordance increases to 99.5% (7 undetermined calls, 3 incorrect calls and 566 correct calls). In addition, the 48 neuroblastoma cell line cohort was subjected to DMAS-qPCR for 15 clinically relevant mutations (Fig. 5 , Table 3 ). Genotype calling was performed identically to the TP53 SNPs. The results show that the majority of the cell lines are negative for the respective mutations, with the exception of the EGFR G719C GG> TT mutation, a BRAF V600E variant in the ACN cell line, two FCTRV (Leiden) mutations and a few ALK F1174L and R1275Q mutations. Comparison of the DMAS-qPCR calls for these two latter mutations with corresponding TaqMan results available for a subset of the cell lines (n = 40) again indicate a high concordance (98.75%) (Suppl. Assay sensitivity for mutation detection. Since tumor samples are almost always contaminated with stromal cells, the sensitivity of any genotyping method has a large impact on calling accuracy. To assess the sensitivity of our DMAS-qPCR approach, synthetic templates were developed for both the mutant and wild-type allele of each of the 15 clinically relevant mutations. A 14-point, 2-fold dilution of the mutant allele in a wild-type background -and vice versa -was then created followed by DMAS-qPCR using the corresponding assay. We observe that the dCq values deviate from the theoretical trend line for the higher target dilutions (Fig. 6 ). This can most likely be attributed to specificity of the assay since at very low mutant concentrations, the mutant primer will start competing with the wild-type primer to amplify the wild-type allele. Nevertheless, when using a conservative 2 dCq difference to discriminate between wild-type and a mutant in wild-type sample, sensitivity scores ranging from 6.25% down to 0.05% (mutant in WT) can be reached without any optimization; nine of the 15 assays show detection sensitivities below 1%. Performance on FFPE tumor samples. Since DMAS-qPCR performance can differ significantly between a setup using cell lines (or synthetic templates) and real tumor samples -due to the more heterogeneous nature of the latter -the robustness of the technique was assessed on DNA isolated from FFPE lung tumor tissues with known EGFR T790M, L858R and G719A mutation status. Results show that all four EGFR L858R mutant and all three G719A mutant samples can easily be called using a 5 dCq cut-off, with the largest discriminating power (i.e. largest dCq values for homozygous wild-type samples) being observed for the L858R assay. For the T790M mutation, only one of the two mutant samples was called ( Fig. 7) . This can be attributed to both the suboptimal specificity of the wild-type assay and the low variant allele frequency of this particular sample. When plotting the ddPCR variant allele frequency in function of the DMAS dCq values, a very good correlation is observed, indicating that the results obtained through DMAS-qPCR reflect the genotype and variant allele frequency of the sample very well (Fig. 8) .
Implementation in primerXL. The design of DMAS-qPCR genotyping assays has been implemented in our web tool primerXL to increase the usability of the method (www.primerxl.org). Design requests can be submitted using a reference SNP identification number (dbSNP rs ID), a sequence with the mutation annotation between brackets or a chromosomal location accompanied by the WT and mutant allele(s). The mutation information -retrieved from the Ensembl server in case a rs number is submitted -is then fed into the design pipeline resulting in the generation of three primers: one common primer and two allele-specific primers. All assays undergo in silico specificity analysis and assessment of secondary structures in the primer annealing sites. Available Primer3 5 options such as annealing temperature, amplicon length and others parameters are also customizable. The primerXL genotyping assay design success rate is 69.8% (624 out of 894 randomly selected SNPs using identical design settings), with 80.7% (218/270) of the failed SNPs located in repeats (according to Ensembl release 75). Design success rate can be increased by optimizing the design settings on a mutation specific basis. Currently, primerXL is only capable of designing assays for single nucleotide substitutions, but the same principles could also be applied to larger substitutions, insertions and deletions. This functionality will be implemented in future versions.
Discussion
Our study on the impact of primer-template mismatches on qPCR performance suggested novel options for design of a cost-efficient and straightforward method for SNP genotyping or mutation detection. Initial experiments indicated that an artificial mismatch in the primer sequence needs to be introduced as a single mismatch at the 3′ end of the allele-specific primer does not have sufficient discriminative power. Additional tests showed that an artificial mismatch at the fourth nucleotide from the 3′ end of the allele-specific primer has the best overall performance, independent of the type of artificial mismatch. Genotyping of twelve SNPs involved in the TP53 pathway and 15 clinically relevant mutations on 48 neuroblastoma cell lines demonstrated high specificity, resolution and robustness of the assays. However, for rs34330 clustering of the different genotypes was less pronounced which can be attributed to the higher Cq values of this assay compared to the others. The sensitivity of the assays in the context of WT/mutant hybrid samples ranges from 0.05 to 6.25%. However, we hypothesize that a small modification to the method -such as chemically modified allele-specific primers with higher binding affinities -could help increase overall sensitivity. Through automated instruments, DMAS-qPCR could be performed in high-throughput contexts. However, for large sets of SNPs, the method is outperformed by MS-based genotyping both in the context of scalability and cost-efficiency. In comparison to other qPCR based genotyping methods such as hydrolysis probes and high-resolution melting curve analysis, DMAS-qPCR has the benefit that no probes or specialized instruments are needed. This results in a reduction of the reaction complexity and cost of the assay. Comparison of DMAS-qPCR genotype calling with TaqMan results for twelve SNPs in 48 cell lines and 2 clinically relevant mutations on 40 cell lines, showed a hundred percent calling success rate with 547 correct calls out of 576 (98.9% concordance) genotypes and 79 correct calls out of 80 genotypes (98.75% concordance), respectively. TaqMan assays resulted in approximately four percent undetermined calls, indicating a higher robustness for DMAS-qPCR genotyping assays. Possible limitations of our method include the difficulty to assess genotype status in difficult DNA regions (e.g. homologous or homopolymeric regions due to the limited assay design space) and the use of more input DNA since two parallel qPCR reactions must be performed for each SNP or mutation to be genotyped. However, the latter problem could be circumvented by reducing the DNA input amounts per reaction, as data have shown that even low DNA input amounts result in acceptable analytical sensitivities. An alternative but yet untested approach would entail the addition of a GC tail to one off the AS primers of a DMAS-qPCR assay, enabling genotype calling using a single reaction by means of melting curves instead of (d)Cq values. Also, to enable DMAS-qPCR based high-throughput genotype calling a classification or clustering method would be preferred instead of the cut-off based calling performed in this study. Finally, by utilizing synthetic templates, this study introduced the idea of using these molecules as positive controls for genotyping reactions. Together with the user-friendly assay design in primerXL, our fast, simple and cost-effective qPCR based genotyping technique, combined with a new visualization and analysis method under the form of a difference plot, is a powerful alternative to the commonly used genotyping methods.
